Crohn's disease (CD) is a chronic inflammatory disease of the gastrointestinal tract, with unpredictable clinical course by phases of relapses alternating with other of quiescence. The etiology is multifactorial and is still not completely known; globally the westernization of lifestyle is causing an increasing incidence of CD, with peak age of 20-30 years. The diagnostic workup begins with the evaluation of the clinical history, physical examination and laboratory tests. However, the clinical assessment is subjected interobserver variability and, occasionally, the symptoms of acute and chronic inflammation may be indistinguishable. In this regards, the role of magnetic resonance (MR) enterography is crucial to determine the extension, the disease activity and the presence of any complications without ionizing radiations, making this method very suitable for young population affected by CD. The purpose of this review article is to illustrate the MR enterography technique and the most relevant imaging findings of CD, allowing the detection of small bowel involvement and the assessment of disease activity.
Magnetic resonance enterography in Crohn's disease: How

INTRODUCTION
Crohn's disease (CD) is a type of chronic inflammatory bowel disease, characterized by typical fluctuating course with relapses alternating with periods of remission [1] . The incidence of CD is increasing worldwide, but the highest has been reported in Northern Europe, United Kingdom, and North America, occurring 20%-30% more frequently in women, with age of onset during young adulthood and, in a small subset of patients, between the 60 and 80 years of age [2] . Nowadays, the etiopathogenesis is not completely known; however the development of CD depends on several factors (immunological, genetic, and environmental, such as diet or smoking), which lead to a dysregulated immune response to commensal flora or common antigens, in genetically susceptible hosts [3, 4] . Usually, CD may manifest with increased frequency of bowel movements, diarrhoea, abdominal pain and weight loss; while symptoms like asthenia, anorexia, nausea, vomiting, fever and extra-intestinal manifestations (i.e., arthritis, uveitis, episcleritis, skin rashes, erythema nodosum, pyoderma gangrenosum) occur in about a quarter of patients [5] . Moreover, CD may affect any portion of the gastrointestinal tract from mouth to anus, mainly involving the ileocaecal region (about one half of all cases), following by the ileum and colon (30% and 20% of patients, respectively) [6] . Both the transmural chronic inflammation and the discontinuous involvement ("skip lesions") of affected bowel loops, alternating inflamed and uninvolved segments, are typical features of CD [7] . During the active phase of inflammatory response, the enteric mucosa appears as irregular due to neutrophils and mononuclear cell infiltration, alternating ulceration and edema ("cobble-stoning" pattern), associated with cryptitis, crypt microabscesses, and sometimes noncaseating granulomas. When the inflammation becomes chronic, the superficial aphtoid ulcers can penetrate into the bowel wall resulting in deep ulcerations, sinus tracts or fistula formation, thus extending into mesentery, lymph nodes and adjacent structures (i.e., other bowel loops, bladder, uterus, vagina or skin).
Moreover, the chronic inflammatory response promotes smooth muscle cell proliferation, collagen accumulation, wall thickening, stenosis and fibrosis of the affected bowel segments with mesenteric fibro-fatty proliferation [8, 9] . Given this context, the management and staging of patients with CD requires the correct determination of inflammatory lesion location, extension, activity and severity, in order to choose appropriate therapeutic strategies [10, 11] . Since the clinical presentation of acute and chronic inflammation may be overlapped, the crosssectional imaging techniques are useful for distinguishing them and preventing the development of potential complications. Among imaging modalities, magnetic resonance (MR) enterography provides the advantages of high-tissue-contrast evaluation with optimal detection of fluid and submucosal edema, multiplanar capability, multiparametric assessment and functional informations (motility, perfusion, diffusion) without ionizing radiations, making this method very suitable for young population affected by CD [12] . The purpose of this article is to review MR enterography technique and the most relevant imaging findings of CD, in order to provide an overview of the current state-of-art of MR imaging in CD, highlighting the recent MR innovations that allow a better evaluation of disease activity.
TeChNIqUe
MR enterography requires fast imaging techniques, luminal distension and 6-h fasting before the procedure [11] . In this regard, an adequate colonic distension is mandatory to better identify wall thickening and parietal enhancement on the post-contrastographic images. The oral contrast agents used to obtain a well-distended lumen are classified based on their effects on T1 and T2-weighted images. The positive contrast agents (diluted gadolinium, some fruit juices or milk) yield the advantage of high intraluminal signal due to their high T2, but they may interfere with the detection of mucosal enhancement in T1-weighted sequences after gadolinium administration due to T1 shortening effect. By contrast, the use of negative contrast agents, as superparamagnetic iron oxide, determines a low intraluminal signal (low T2 and T1) and allows a better evaluation of the bowel walls [13] . However the widest accepted contrast agents are the biphasic ones (methylcellulose, mannitol, polyethylene glycol), characterized by hyperosmolar effect, that promotes luminal distention. Furthermore, they permit the assessment of wall thickening thanks to high signal intensity on T2-weighted sequences (positive effect), in which the bowel walls appear as hypointense, while the lumen is hyperintense. On T1-weighted images after gadolinium administration, these biphasic contrast agents maximize the depiction of wall enhancement by means of low intraluminal signal (negative effect) [14] . As above mentioned the biphasic contrast agent are more frequently preferred for MR enterography in CD. The patients are instructed to ingest about 1.5-2 L of water solution with biphasic contrast agent 45 min preceding the procedure [15] . The patient is positioned in prone decubitus in order to increase bowel loop separation and decrease both the peristalsis and the acquired abdominal volume in MR sequences, consequently reducing blurring and bowel motility artifacts. The supine position is required for noncompliant patients with abdominal stomas or entero-cutaneous fistulas. Moreover, before T2-weighted sequences and contrast medium injection, endovenous administration of 20 mg of hyoscine butylbromide is recommended to further reduce bowel peristalsis [16] . MR enterography is performed using phased-array coils to improve signalto-noise ratio and spatial resolution, simultaneously minimizing the acquisition time with faster sequences and parallel imaging.
The MR study protocol consists of the following sequences.
Steady-state free precession sequence -(FIESTA, General Electric; True-FISP, Siemens)
it is a very fast sequence thanks to a short repetition and echo time, providing high-contrast MR images dependent on T2*/T1 ratio. It allows motion-free images, ensuring a good visualization of the small bowel, mesentery, vascularization and lymphadenopathy in coronal and axial view. Furthermore, this sequence may provide cine assessment of the bowel loops, facilitating the discrimination between fibrotic stricture and functional stenosis. However, the images suffer from magnetic susceptibility artifacts, caused by the presence of gas or ferromagnetic materials, and chemical shift artifacts resulting in a "black boundary" effect around structures, which may hamper a correct definition of bowel wall thickening [17] .
T2-weighted SSFSE (Single Shot Fast Spin Echo, General Electric) or HASTE (Half-fourier Acquisition Single-shot Turbo spin-Echo, Siemens)
it allows to obtain high-contrast resolution MR images in coronal and axial planes for the depiction of wall thickening, fold pattern changes, ulceration, intramural bowel edema and extraluminal fluid collections (particularly with fat-suppressed images). It is a fast sequence with a long echo train, which utilizes the partial Fourier encoding of K-space data for reducing the acquisition time, nevertheless decreasing signal-to-noise ratio of MR images. It is not sensitive to magnetic susceptibility or chemical shift artifacts, allowing an optimal evaluation of wall thickening. However, this sequence is sensitive to intraluminal flow voids, blurring and bowel motility artifacts; in this regard, the endovenous administration of spasmolytic agent is recommended to reduce bowel peristalsis [13] .
Gadolinium-enhanced fat-suppressed 3D spoiled gradient-echo sequence
it is performed after the intravenous injection of 0.1-0.2 mmol/kg of gadopentetate dimeglumine (Gd-DTPA) with a delay time of 40-80 s; the acquisition of arterial phase after 25 s is optional. It is very useful to evaluate bowel wall enhancement, which is highlighted by endoluminal low-signal intensity caused by positive contrast agent administration. Moreover, it provides relevant information about vasculature, lymph nodes, fistulas or abscesses. Frequently the sequence is performed in the coronal plane; axial acquisitions may be useful for evaluating the pathological and thickened bowel loops [18] (Figure 1 ).
Diffusion-weighted imaging sequence
Diffusion-weighted imaging sequence in the axial plane has been proposed to better identify the inflamed bowel loops in active phase [16] .
MR enterography advatages
Several studies have compared the accuracy of different non-invasive diagnostic methods in the assessment of CD.
In this setting, MR enterography is more effective than ultrasound (US), particularly in the evaluation of the entire gastrointestinal tract, perianal region and complications; altough US permits a rapid and accurate examination of the terminal ileum [19] . [20] have demonstrated that the effectiveness of MR enterography is comparable to that of CT enterography, with the advantage of not using ionizing radiations, making this modality ideal in imaging the youth. 
Moreover, Lee et al
MR eNTeROGRAPhY INDICATIONS
The clinical indications of MR enterography include the following conditions: (1) assessement of small bowel anatomy, disease localization and segmental extension; (2) morphological evaluation (bowel wall, mesentery, vascular supply and lymph nodes); (3) dynamic evaluation (disease activity and neoangiogenesis); (4) classification of CD into three subtypes based on inflammatory activity, including active inflammatory, fistulizing/perforating and fibrostenosing categories; (5) follow-up of patients with diagnosed CD; (6) exclusion of CD diagnosis in symptomatic patients; (7) suspected disease relapse, stricturing disease and/or extraluminal complications; (8) monitoring therapeutic response or failure; and (9) planning of surgical intervention [17] . The assessment of CD subtypes is required by clinicians for the therapeutic planning, through the detection of linear and aphthoid ulcers, wall edema, skip lesions, fistulas, abscess or strictures; and their correlation with clinical data [21] . Frequently, acute and chronic changes may coexist in the same bowel segment with a wide variety of intestinal and extra-intestinal abnormalities. In this context, the bowel wall lesions characterizing active disease are managed medically, whereas fibrotic strictures with bowel obstruction are frequently treated with surgical intervention [22] .
Active inflammatory subtype
The typical pathological findings of active CD comprehend: Aphthoid and deep ulceration, wall thickening (greater than 4 mm), intramural and mesenteric edema, stratified enhancement pattern of bowel wall, increased mesenteric vascularity, reactive lymphadenopathy [13] .
Ulcers:
The apthoid ulcers, typical findings of CD in the early stages, can only be detected through an adequate luminal distension and high-resolution MR imaging, they appear as a nidus of high signal intensity in T2-weigthed images, surrounded by a rim of moderate signal intensity [23] . Advanced inflammation may produce other changes, such as deep and transmural (linear) ulcerations. The typical "cobblestone" mucosal appearance result from confluent (longitudinal and transverse) ulcerations combined with bulging of the edematous mucosa [12] .
Fold thickening:
The SSFSE sequence allows to identify fold thickening and distortion caused by mucosal ulceration [24] . Wall thickening: It is easily identified on steady-state free precession (SSFP), T2-wegthed (SSFSE) and fatsuppressed 3D spoiled gradient-echo (FSPGR) (after Gd-DTPA administration) sequences, previous adequate distension of the small bowel loops. Nevertheless, the SSFP sequence hampers the correct definition of wall thickening, because of the chemical shift artefact. For this reason, the measurement of wall thickness should be performed in SSFSE images. The degree of wall thickening correlates with both the presence of inflammation and the degree of disease activity. Particularly, a wall thickening greater than 3 mm is indicative of inflammation, while a thickening ranging from 5 to 10 mm is suggestive of CD [25] .
Intramural edema: This is a typical sign of active inflammation resulting in submucosal thickening, which appears as hyperintensity on T2-weighted (SSFSE) images with fat saturation [26] .
Mesenteric changes:
In some cases of advanced inflammation, the mesentery may be edematous around the inflamed intestinal loops. Typically, the mesenteric edema is associated with both submucosal edema and stratified enhancement of the bowel wall; all these findings are suggestive of active inflammation. The mesenteric fibro-fatty proliferation (or fat-wrapping) represents another sign of advanced CD with consolidated transmural inflammation. It can be defined as an increase of mesenteric fat, which can determine mass effect with consequent anatomical displacement of the mesenteric vessels or the adjacent abdominal viscera, increasing the separation among the bowel loops. Moreover, the vascular engorgement produces an increased mesenteric vascularity ("comb sign"), resulting in hyperenhancement of mesenteric vessels supplying inflamed bowel loops [16, 21] (Figure 2 ).
Stratified enhancement pattern:
The bowel wall enhancement, evaluated after Gd-DTPA intravenous administration, represents the parameter that most closely correlates to both the degree of inflammation and clinical indices of disease activity. The mucosal hyperemia of the affected loops is represented by hyperenhancement, which is significantly higher than normal loops; it decreases decrease in response to therapy. The typical stratified enhancement pattern ("target sign") is produced by mucosal and muscle/serosa increased enhancement with intermediate hypointensity of edematous submucosa [27] (Figure 3 ).
Reactive mesenteric lymphadenopathy:
Hyperenhancement, enlargement, and edema of lymph nodes can be present in active disease, but they are not specific of CD. These findings are easily identified with SSFP and FSPGR (after Gd-DTPA adminitrastion) sequences [28] .
Fistulizing/perforating subtype
It is characterized by the presence of deep penetrating ulcers, which can lead to the creation of sinus tract, fistulas and/or abscesses. The sinus tracts appear as hyperintense blind-ending tracts on T2-weighted images, that arise from bowel wall without ever reaching the surface of another structure (Figure 4) . By contrast, fistulas originate from deep transmural ulcers, which communicate with adjacent epithelial Cor FSPGR + Gd Cor SSFP surfaces (bowel loops or other organs), appearing as hyperintense transmural lines on FSPGR (after Gd-DTPA administration) sequences [29, 30] . The fistulas can penetrate into contiguous bowel loops (enteroenteric or enterocolic fistulas) or into other structures (i.e., bladder, uterus, vagina or skin); however, their identification in the earliest phase is very difficult due to low spatial resolution and partial volume averaging of MR images ( Figure 5 ). An accurate high-resolution MR study associated with the use of multiplanar imaging can help to reveal the presence of fistulas. The desmoplastic reaction in the mesenteric tissue contributes to produce stellate appearance of fistulas, with spiculated margins [31] . Other locoregional complications of CD comprehend the development of phlegmon and abscesses. The penetrating process may lead to a localized inflammatory reaction resulting into phlegmon formation, which is an inflammatory mass with mild/moderate increase signal on T2-weighted and post-gadolinium sequences [32] . An abscess is an encapsulated collection of pus, which has MR characteristics similar to those of fluid collections (hyperintense on T2-weighted and hypointense on T1-weighted images), but with inhomogeneous content because of solid and gaseous components, delimitated by an enhancing peripheral rim [13] (Figure 6 ).
Fibrostenotic subtype
The chronic inflammation of the bowel wall tends to progress towards fibrostenotic and irreversible complications (bowel strictures and obstruction), as consequence of prolonged intestinal injury [33] . During chronic disease, the deposition of submucosal fat is promoted resulting in stratified appearance on T2-weighted images. This finding may be distinguished by submucosal edema on T2-weighted images thanks to fat saturation, which reduces the signal of fat in chronic disease [34] . Moreover, the bowel wall enhancement differs from the stratified pattern, typical of active disease. On this ground, the thickened and fibrotic bowel wall shows diffuse and homogeneous enhancement during subacute transmural inflammation, while the moderate mucosal enhancement with hypointensity of the deep layers suggests fibrotic disease [35] (Figure 7 ).
In chronic disease, fibrosis may lead to stricture formation with high risk of small bowel obstruction of the affected segment, and consequent prestenotic dilatation ( Figure 8 ). The fibrotic stricture appears as fixed luminal narrowing without any high signal intensity on T2-weighted images; by contrast the inflamed stricture, in acute disease, shows submucosal edema with the typical stratified enhancement pattern. It is important to identify the presence of fibrotic strictures because they are not responsive to medical therapy, but require prompt surgical approach to avoid complications such as bowel obstruction [12, 36] . Furthermore, MR enterography is useful for detecting asymmetric bowel fibrosis on the mesenteric border with apparent dilatation (pseudodiverticula) on the antimesenteric side, and rare complications such as small bowel adenocarcinoma [37] .
Reading and reporting MR enterography
The recommended reading strategy for MR enterography examinations should integrate previous morphological evaluation, followed by functional assessment of the small bowel loops. The clinical information received and the specific diagnostic query are crucial for the radiologist, in order to better adapt the examination technique to the specific patient conditions. According to the RSNA reporting initiative, consisting of a library of report templates, the MR entero- Wall thickening of the sigmoid colon producing luminal narrowing displayed on SSFSE image; E and F: Post-gadolinium sequences reveal a diffuse and homogeneous enhancement in sigmoid colon (E) and small bowel (F) suggestive of subacute inflammation. SSFSE: Single shot fast spin echo; FSPGR: Fat-suppressed 3D spoiled gradient-echo. graphy report should include these criteria: (1) clinical indication; (2) description of imaging technique and quality; (3) small bowel findings (i.e., distension, peristalsis, bowel wall thickening, post-contrast findings, fistulas and/or abscess, lymph nodes); (4) collateral findings in abdominal organs; and (5) final impression indicating location and activity of disease, complications and extra-enteric findings [38] .
CONCLUSION
MR enterography is now considered a well-established imaging technique for small bowel evaluation. It plays an increasingly important role as non-invasive and effective method to evaluate the small-bowel involvement and the possible intestinal and extra-intestinal complications, in patients affected by CD.
Nevertheless, MR enterography examination should be tailored both to the patient and diagnostic query, in order to guide the clinical management.
ReFeReNCeS
